INTRODUCTION
The presence of endocrine disrupting chemicals (EDCs) in the aquatic environment is a major environmental issue which has attracted increased attention internationally in the last decade. These chemicals are mainly discharged to the environment from wastewater treatment effluent (Nakada et al., 2006; Gomez et al., 2007; Goyal et al., 2008; Miege et al., 2009; Gabet-Giraud et al., 2010) .
The natural steroid hormones estrone (E1) and 17β -estradiol (E2), the closely related synthetic hormone 17α -ethinyestradiol (EE2) and xenostrogens like nonylphenol (NP) and its ethoxylates have been shown to occur in wastewater effluent across the globe (Johnson et al., 2000; Litved, 2006; Gomez et al., 2007; Pothitou and Voutsa, 2008; Miege et al., 2009 ) . They are also among the most estrogenic components of domestic sewage effluent (Jobling et al., 1998; Ternes et al., 1999a; Birkett and Lester 2003; Wu and He, 2010) . The natural and synthetic estrogens are excreted primarily as a variety of inactive glucuronide or sulphate conjugates by the human population (Ternes et al., 1999b; D'Ascenzo et al., 2003; Gong et al., 2009; Fouial-Djebbar et al., 2010) . Although these estrogen metabolites are deconjugated by bacteria present in sewage and mixed liquor (Shi et al., 2004; Czajka and Londry, 2006) , the deconjugated steroids are however, detected in the effluent at concentrations close to the total expected based on excretion values (Johnson et al., 2000) . EE2 has the highest endocrine disrupting potency; it is found at low concentrations and is also recalcitrant to biodegradation (Esperanza et al., 2007; Haiyan et al., 2007; Hashimoto et al., 2007) . NP is a transformation product of nonylphenol ethoxylates (NPnEOs) which is used in many industrial and commercial process including textile industry processes, and in cosmetic and detergent manufacture (Birket and Lester, 2003; Chien and Shih, 2007) . Although the use of NPnEOs has been banned under an EU regulation (Regulation no. 1816 (Regulation no. , 2004 , it is still allowed in certain industry with their wastewater treatment facilities (Di Gioia et al, 2009) .
Various studies across the globe have shown a broad range of values in the performance of wastewater treatment plants. A study of mass balance of estrogens in sewage treatment works (STW) in Germany demonstrated that most of the estrogenic activity in the wastewater was biodegraded during treatment rather than adsorbed onto suspended solids (Korner et al., 2000) . In a study of Japanese STWs by Matsui et al. (2000) , it was shown that 10 % removal of E2 occurred across the primary sedimentation, 87 % across the nitrifying activated sludge and a further 22 % removal across the tertiary sand filters. The overall removal of 87 % was reported. Baronti et al. (2000) reported removal rates/efficiency of 95 %, 87 %, 61 % and 85 % for estriol, E2, E1 and EE2 respectively. In the study, the efficiency for estrone removal was lowest. It exhibited an increase in concentration from influent to effluent in some of the sites. Nasu et al. (2001) also showed E2 concentrations increasing from raw influent to primary effluent within Japanese STW (before falling during biological treatment), which suggest that perhaps some further deconjugation was still taking place. In another study of the Japanese STW by Hashimoto et al. (2007) a removal efficiency of 11-83 % were reported for E1 in conventional activated sludge plant, with E2 removal of up to 86 %. Kanda and Churchley (2008) also reported a removal of 97.8 % and 96.3 % removal for E1 and E2 respectively in a conventional activated sludge plant. Thus the biodegradation of estrogens is well established (Stavrakis et al., 2008) . However, currently wastewater treatment plants are not optimised to maximise estrogen removal (Koh et al., 2008) as they were not originally designed to remove EDCs and are just able to remove partly most of the EDCs (Janex-Habibi et al., 2009) .
Although a number of researches have been done on the removal of EDCs in wastewater, majority of these investigations were focused on monitoring EDCs concentrations in influent and effluent of wastewater treatment plants. Published results that addressed the behaviour of this EDCs in the unit processes of different wastewater treatment plants (WWTP) using composite sampling are scarce. A critical understanding of the behaviour of EDCs in all the unit processes of treatment plants is required in order to optimise these processes for effective removal of the EDCs. The current study examined the behaviour and fate of E1, E2, EE2 and NP in the unit processes of four different wastewater treatment plants located in the Midlands of the United Kingdom. Both wastewater and sludge treatment processes were investigated
MATERIALS AND METHODS

Material and reagents
All standards were of analytical grade and were obtained from Sigma-Aldrich (Gillingham, UK). The reagents were purchased from Fischer Scientific (Loughborough, UK) and were all of high purity over 98 %. ENV+ solid phase extraction (SPE) cartridges were purchased from IST (Glamorgan, UK) and extraction was on the Waters Sep-Pak Vacuum Manifold with a vacuum pump (Waters, Watford, UK).
Sample collection and treatment
Four Wastewater Treatment Plants (WWTP) A, B, C and D located in the Midlands, UK were investigated. WWTP A and B process wastewater for urban areas and C and D for rural areas. The different treatment types that have been chosen are representative of the common methods of treatment used in the region and the UK generally. The plants characteristics are described in Table 1 . Samples were collected from various treatment points representative of the treatment unit processes available at the sites. Wastewater samples were collected (where available) from raw wastewater (RW), crude wastewater and sludge liquor returns (MW), settled wastewater (SW), activated sludge plant effluent (ASP), biofilter effluent (BF), rotating biological contactor effluent (RBC), sand filtered final effluent (SFE) and reed bed effluent (REB). The samples were collected in two sampling campaigns (one week each) in 2008. 24 h flow proportional composite samples (half hourly sampling frequency) were collected using ISCO 3710 composite samplers (Teledyne Isco, Wierd, Belgium) in glass bottles preconditioned with preservatives, 0.5 g copper nitrate and 6 mL hydrochloric acid (Kanda and Churchley, 2008) . The samples from the autosamplers were transferred into amber coloured glass bottles daily and stored in ice cold containers and transported to the laboratory for immediate extraction and subsequent analysis. The sludge samples were collected on the last day of each of the sampling campaigns from the primary sludge tanks and digested sludge tanks. The sludge were digested by anaerobic digestion under mesophilic conditions. 
Sample analysis and clean up Wastewater samples
The EDCs in the wastewater samples were extracted and cleaned up using gel permeation chromatography and solid phase extraction before analysis using LCMS/ MS (Applied Biosystems, Carlsbad, California). Details of the methods applied have been previously described elsewhere (Kanda and Churchley, 2008; SCA, 2005) . Sanitary parameters were analysed according to established methods (APHA et al., 1992) .
Sludge samples
Sludge samples were extracted and cleaned using the method developed by Patrolecco et al. (2004) . The method was validated for accuracy and precision by analyzing samples spiked with known amounts of EDCs. Recoveries for E1, E2, EE2 and NP were consistent with other extraction methods. For extraction, 50 mL of Tween 80 aqueous solution was added into approximate mass of 2.5 g of freeze-dried sludge samples. The resultant suspension was thoroughly mixed at room temperature using a magnetic stirrer (at 300 rpm).The extract was then allowed to settle for about 10 min, and then transferred to 50 mL centrifuge tubes and centrifuged at 4,000 rpm for 20 min. The extracts (supernatant) from the centrifuged aqueous solution were passed through SPE using LC-18 cartridges set up on a SPE vacuum manifold after pre-conditioning. The analytes were eluted from the SPE cartridges with 10 mL acetone. The extracts obtained were then concentrated to an approximate volume of 1mL under a gentle stream of nitrogen and then reconstituted with Methanol: H 2 O 55:45 (v/v) to a final volume of 2 mL for LC MS/MS analysis.
Sludge partitioning test
Secondary sludge from the four plants was used in carrying out a partitioning test for the selected EDCs. 50 mL of sludge aliquots were added into 250 mL glass flasks with mix standard solutions of E1, E2, EE2 and NP at concentrations ranging from 100 to 1000 µg/L. Equilibration was achieved by stirring the mixtures using a magnetic stirrer for 2 h and centrifuged at 4000 rpm for 15 min to separate the aqueous phase from the sludge. The sludge was then filtered and the supernatant solutions were removed an d analyzed for the equilibrium concentrations of each EDC. The solid phase EDCs concentrations were determined on mass balance basis.
The sludge/aqueous partition coefficient (K d L/ kg) for each compound were calculated using the relationship:
Where C s is the concentration of EDC adsorbed by sludge in mg/kg and while C aq is the concentration of the compound in aqueous phase in mg/L.
The K OC values were calculated by using the expression in equation 2.
RESULTS AND DISCUSSION
Occurrence of selected EDCs in WWTPs
The selected EDCs were detected in all the plants investigated except EE2 which was not detected in the influent and effluent of WWTP D. The mean concentrations of the EDCs in every step of the unit processes for both sampling campaigns are presented in Table 2 . The mean influent concentrations for E1 (Nakada et al., 2006; Zhang and Zhou, 2008; Miege et al., 2009; Gabet-Giraud et al., 2010; Zhou et al., 2010) . It can also be seen in Table 2 that the influent EDCs concentrations in urban wastewater (WWTP A and B) are higher than the rural wastewater (WWTP C and D).The average daily variations for the first sampling campaigns for site B is presented in Fig. 1 
Removal rates of treatment processes
The global removal efficiency as a measure of the influent concentrations of the EDCs (primary, biological and tertiary treatment where available) are shown in Fig. 2 . The ranges of removals were 81-86 %, 83-97 %, 41-58 % and 91-100 % for E1, E2, EE2 and NP respectively. EE2 persisted more in the effluent despite being present in the influent of the WWTP at very low concentrations compared to the others. This shows that the synthetic hormone EE2 is more recalcitrant to removal in wastewater treatment compare to the natural hormones. WWTP B showed better removal efficiency for all the EDCs despite not having any tertiary treatment process like the other three plants. The reasons for these differences are discussed in the succeeding sections. Table 2 show that for Sites A-C there were initial increases in the concentrations of E1 at sampling point MW (made up of the crude sewage and sludge liquor from the dewatering process) and also the settled sewage for sites A and B. This apparent anomaly in the increase in E1concentration is explained by the biological conversion of E2 to E1 during the treatment process and in the sludge route. This abnormal behaviour has also been observed in previous studies (Nasu et al., 2001; Jurgens et al., 2002; Hashimoto et al., 2007; Ren et al., 2007) . This also explains why E1 persist in both the effluent and sludge from the WWTPs. This increase in E1 concentration in the crude sewage after the mixing with sludge return liquor suggests that the return liquor has a higher concentration of E1. This supports the assertion that both E1 and the more rapidly degradable E2 are adsorbed onto the sludge biomass and that the removal mechanism is both a combination of sorption and biodegradation as suggested by Johnson and Sumpter (2001) . Xu et al. (2008) have also shown that EE2 is adsorbed unto sludge biomass by predominantly physiosorption and are therefore easily able to move from the solid phase to the liquid phase by desorption. E2, EE2 and NP were progressively removed during the primary treatment stages unlike E1. The removal during the primary treatment process can be attributed to sorption onto sludge.
Removal rate of unit processes Primary treatment
Biological treatment
The mean removal rates for all the biological treatment processes are presented in Fig. 3 . The biological treatment processes are the activated sludge plants at WWTP A (ASP1), WWTP B (ASP2 and ASP3), oxidation ditch and biofilter both at WWTP C, and the RBC at WWTP D. The removal rates compared to the global removal rates earlier shown in Fig. 2 demonstrate that majority of the EDCs are removed during the biological treatment stage except at WWTP D where the reed bed process performed better than the RBC process. It can be seen that ASP3 showed the highest removal rate with RBC showing the least removal rate. ASP2 and ASP3 are co-located at WWTP B, and the later is configured for biological nutrient removal. As shown in Table 1 the sludge age for ASP3 is highest (20 days) compared to ASP1 (12.5 days) and ASP2 (13 days). This could explain the reason for the relatively better performance in the removal of all the EDCs. Sludge age is an important factor for the removal of EDCs as longer sludge age allows the growth of microorganism with the capacity to degrade the compounds (Janex-Habibi et al., 2009; Stasinakis et al., 2009) . The Oxidation ditch process showed slightly lower removal rate compared to the ASPs and better rate in comparison with the biological filter process and rotating biological contactors (Fig. 3) . This can be attributed to the differences in their nitrification rates. Better removal was obtained for all the EDCs with increasing rate of nitrification for each of the WWTP. This agrees with the findings of Vader et al. (2000) where they found that no degradation of EE2 was observed when there was insignificant nitrifying capacity. Biofilters and RBC have low nitrification rates relative to ASPs and oxidation ditches. This will explain while ASP and the oxidation ditch processes gave better performance. Also for the ASPs and oxidation ditch higher biosolids are produced which is wasted as surplus activated sludge. More of the EDCs will adsorb on to the excess sludge produced as the K d and K OC values in Table 4 show significant partitioning of the EDCs to sludge biomass with Log K d values ranging from 2.41 to 2.83, Log K oc ranging from 2.85 to 3.3.32.for all the compounds, similar to earlier report by Ifelebuegu et al., 2010 .
Tertiary treatment WWTP A, C and D had tertiary treatment stages. Sand filters for sites A and C and reed bed for site D. The removal rates for The EDCs during tertiary treatments are presented in Fig. 4 . It can be seen that at WWTP D the reed bed process showed better removal of 62 %, 60 % and 38 % compared to the secondary biological process which showed a removal of 20 %, 24 % and 63 % of the influent E1, E2 and NP concentrations respectively. The removal processes for the reed bed are likely to be a combination of sorption to solids and biodegradation in the roots of the reeds as plant roots provides additional surface for sorption and diverse microorganisms for the phytoremediation process. Solids removal during the reed bed process contribute to the removal process as the adsorption coefficients reported in Table 4 show that the EDCs adsorb significantly to the solid phase. Biodegradation is also possible as previous research by Imai et al. (2007) demonstrated that phenolic EDCs are significantly removed by plants through enzyme metabolism. WWTP A and C also showed some removal during the sand filtration process. This also demonstrates that sorption to solids is a removal mechanism for the EDCs as supported by Xu et al. (2008) .
EDCs in sludge and sludge treatment process
The secondary sludge, mixed sludge from all four sites and digested sludge from WWTP A and B were analysed for the selected EDCs. Table 3 shows the Concentrations of the EDCs in untreated sludge and the digested sludge. It can be seen that E1 showed highest concentration of 88-118µg/kg in sludge compared to E2 (4-16 µg/kg), EE2 (0-1.6µg/kg) and NP (32-123 µg/kg). This agrees with the earlier observation that levels of E1 were higher in the sludge liquors of WWTP A, B and C resulting from increases during the primary treatment processes. Similar levels of other pharmaceutical were reported in sewage sludge by Lillenberg et. al.,2010 . The higher levels of the compounds present in the untreated sludge also demonstrates that sorption unto activated sludge biomass is a significant removal mechanism of EDCs during wastewater treatment. It can also be seen that the removal rate of the EDCs during anaerobic digestion is low. This finding is consistent with the study carried out by Czajka and Londry (2006) . The EDCs persisted in the anaerobic sludge digestion process with percentage removal of 21-24 % for E1, 18-32 % for E2, 10-15 % for EE2 and 44-48 % for NP. This shows that under anoxic/anaerobic conditions in the receiving environment, these EDCs have the potential to bioconcentrate (Lai et al., 2002a (Lai et al., , 2002b or accumulate (Gomes et al., 2004; Czajka and Londry, 2006) when sludge is applied to the environment. It was also observed that the concentrations of the 
Removal mechanism
The findings presented in this paper have demonstrated that the principal mechanism of removal of EDCs during the wastewater treatment process is biodegradation by microorganisms and also sorption unto biosolids contrary to the report of Korner et. al. (2000) . Removal by phytoremediation (WWTP D) was also shown to be significant. However, the scope of this study did not cover plant removal mechanism of EDCs.
CONCLUSION
Overall removal efficiencies of all the EDCs ranged from 41 % to 100 %. The removal rates were in the order ASP > OXD > BF > RBC. The ASP configured for biological nutrient removal showed better performance compared to the conventional ASPs. The removals were predominately during the secondary biological treatment. The removal rates for the treatment processes corresponded with the rate of nitrification. For ASPs higher sludge ages resulted in better removal rate for all the EDCs. Tertiary treatment was also significant in the removal process through solids removal. Overall mechanisms of removal were biodegradation and sorption unto sludge biomass. The EDCs persisted in the anaerobic sludge digestion process with percentage removal r an ging from 10-48 %, suggestin g that th e compounds may persist in the environment under anoxic/anaerobic conditions. Sorption of the EDCs onto the sludge increased with increasing values for the partitioning coefficient and the organic carbon contents of the sludge.
